We study the quasiparticle states around a half-quantum vortex core in chiral p-wave superconducting state using a square lattice single band model based on the Bogoliubov-de Gennes theory. Three pronounced peaks are found in the local density of states around the core, including the zero-energy peak corresponding to the Majorana state. We also study the quasiparticle states around a nonmagnetic impurity, and find almost the same peak structure except for the absence of the Majorara peak.
Introduction
A half-quantum vortex (HQV) is expected to be found in the so-called A-phase of 3 He and the chiral p-wave spintriplet pairing superconducting state [1, 2] . It is formed by a -rotation of the superconducting phase and also arotation of the d-vector around the vortex core. Thus the magnetic flux through HQV is one-half of the flux quantum 0 . HQVs are topologically possible objects, however, the energetic stability is a subtler question. Indeed, it has been pointed out that a HQV is unstable unless the spin-orbit coupling is small based on phenomenological Ginzburg-Landau theory [3] [4] [5] . For experimental search for HQV in real superconductors, it is useful to study the effects of materialdependent factors on the stability of HQV, such as the strength of the spin-orbit coupling, the anisotropy of the pairing interaction, and the Fermi surface structure, and also the effects of magnetic field via a Zeeman coupling based on microscopic theory.
In this paper, as a first step, we study the quasiparticle states around a HQV in a chiral p-wave equal spin pairing superconducting state in a square lattice single band tight-binding model with the pairing interaction between nearestneighbor sites based on the Bogoliubov-de Gennes (BdG) theory. We also study the quasiparticle states around a nonmagnetic impurity for comparison within the same framework.
Formulation
The Hamiltonian used in this study is written as [6] , in which it is strongly believed that a chiral p-wave superconductivity is realized, just because the Fermi surface may be suitable for this superconducting state. We assume here for simplicity, however, the d-vector lies within the ab-plane despite that it is parallel to the c-axis in Sr 2 RuO 4 [7] . Thus the spin-triplet superconducting order parameters used here are To make the Peierls phase compatible with vortex lattice symmetry, we need a magnetic unit cell with 2N N sites including two vortices [8] . In this case, by the appropriate choice of gauge, the order parameter ji has a translational symmetry with respect to the magnetic unit cell. Here we take N=20.
We numerically solve the BdG equation with t g 0 . 1 and carry out an iteration until the self-consistent equation for is satisfied. By using the eigenvectors and eigenvalues of the BdG equation, we calculate the local density of states (LDOS) at the i-th site defined by
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Results and Discussion
First, let us look at the superconducting order parameter around the HQV. The Fig. 1 shows the spatial dependence of the . The center of the vortex is located in the middle of a plaquette by averaging ji s on the two parallel sides of the plaquette [8] . We can see that the vortex core is four-fold symmetric, which is a manifestation of the gap function y x k k 2 2 sin sin k , consistent with the previous study for integer vortex states in a chiral pwave superconducting state with the d-vector parallel to the c-axis [6] . Fig. 2 shows the LDOS obtained around the center of the HQV. Note that the thin black line in Fig. 2 , which exhibits a nodeless structure of the superconducting gap, represent the LDOS obtained without the magnetic field, that is, in the pure chiral p-wave superconducting state. We find prominent three peaks at 0 E and 14 . 0 E inside the superconducting gap. The peak at the zero-energy corresponds to a Majorana state realized in the HQV [9] . It is well 
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in the present calculation, and the peaks at E = 0.14 can be attributed to the n=1 state within a factor 2. It is also worth noting here that the discreteness of the energy levels of the vortex core states can noticeably be seen because of the nodeless structure of the superconducting gap, just as in conventional s-wave superconducting states.
Next, let us see the quasiparticle states around a nonmagnetic impurity obtained in the chiral p-wave superconducting state without the magnetic field for comparison. The impurity is introduced as a nonmagnetic point-like potential scatterer at a certain site in the BdG equation. Here we take the impurity potential t V 100
imp . The LDOS obtained at the nearest-neighbor site of the impurity is shown in Fig. 3 in the same manner as in Fig. 2 . We can clearly see that the two-peaks appear inside the superconducting gap. The positions of the peaks are 14 . 0 E , nearly coincide with the eigenenergy of the n=1 vortex core state found in Fig. 2 . Although the energy levels of the impurity-induced Andreev bound states in unconventional superconducting states in lattice systems can be affected by several factors such as band structure and Fermi surface topology, the zero-mode can appear only if the electron-hole symmetry is satisfied in the band structure of the system. This is not the case for the model in this study, and thus only the Majorana states can create the zero-energy state around defects such as vortex cores and impurities in the present superconducting state. 
Summary
We have investigated the quasiparticle states around a HQV and a nonmagnetic impurity in a chiral p-wave superconducting state based on a square lattice model within the Bogoliubov-de Gennes theory. We have confirmed that the Majorana state appears only around the core of the HQV.
